−
, and the δ 15 N of dissolved organic nitrogen in samples collected from the florida reef tract over a 2.5-yr period (2003) (2004) (2005) . our data are synthesized with results from previous studies of the δ 15 N of particulate organic material and coral tissue and zooxanthellae from the same area to provide a more detailed understanding of factors controlling coral reef δ 15 N and variation among biogenic components. These data show that during the study period there were (1) no clear spatial patterns in the δ 15 N of biogenic components related to proximity to the florida reef tract, and (2) no temporal patterns related to the wet or dry seasons. The range of δ 15 N and δ 13 C in the particulate organic material could be best explained as a mixture of material derived from seagrass, algae, mangroves, and fishes. The δ 15 N and δ 18 o of No 3 − support a model in which variations in nitrogen isotopic composition are derived mainly from the isotopic effects associated with the nitrification of Nh 4 + to No 3 − and subsequent assimilation by primary producers rather than through the input of isotopically distinct No 3 − from external sources.
The overall health of coral reef ecosystems is of concern worldwide. in many areas, there is a perceived and real decline in the health of these communities as a result of changes in climate, population pressure, overfishing, pollution, and an excess supply of nutrients. in the case of the florida Keys (fK), there has been a phase shift from coral dominated communities to ones largely composed of macroalgae and soft corals (porter 1992) . This adjustment is not unique to south florida and many reefs have experienced the same phenomenon, a change many workers have attributed to the increasing input of anthropogenic nitrogen both in the form of sewage (lapointe et al. 2005a ) and from artificial fertilizers (marion et al. 2005) . some of these studies have attempted to identify anthropogenic sources of nitrogen using the δ 15 N value of organic material derived from plants and animals. more positive values are thought to be indicative of anthropogenic nitrogen input, while values closer to zero are considered typical of more pristine systems. for example, heikoop et al. (2000) reported that the bulk δ 15 N values of coral tissues (coral and zooxanthellae combined) from putatively contaminated sites were more positive than those from pristine areas, but did not offer any other evidence that there were real differences in nitrogen input or isotopic signature between them. other investigations have similarly used elevated δ 15 N values for algae and other organisms as evidence of anthropogenic influence (risk and erdmann 2000, Costanzo et al. 2001 Costanzo et al. , barile and lapointe 2005 Costanzo et al. , lapointe et al. 2005a . however, it is well known that δ 15 N values are influenced by common nitrogen cycling processes (e.g., nitrification, assimilation, and denitrification). in particular, processes removing N from the environment often leave the remainder enriched in 15 N, leading to elevated δ 15 N for organisms subsequently utilizing this nitrogen. Therefore, it would be incorrect to ascribe all observations of "heavy" δ 15 N values to anthropogenic processes without eliminating the effects of these other processes.
in the fK, δ 15 N values as low as +4.5‰ have been cited as evidence for contamination by anthropogenic nitrogen (lapointe et al. 2004) . other studies have shown elevated δ 15 N values in sponges in the fK relative to other areas and increasing trends in gorgonian tissue δ 15 N (Ward-paige et al. 2005b ) over the past 50 yrs. These studies asserted that the fK have been subject to an increased input of anthropogenicallyderived nitrogen. however, other recent studies have indicated that the situation in the fK is not so clear. for example, the δ 15 N of coral tissues and zooxanthellae from a number of locations in the upper fK matched those of reefs more clearly unaffected by pollution (swart et al. 2005) . in addition, studies of the δ 15 N of particulate organic material (pom) have shown no evidence of an anthropogenic source (lamb and swart 2008) , while the δ 15 N of the No 3 − upwelled from deeper waters have values similar to algae (leichter et al. 2007) , previously reported as indicating pollution from anthropogenic sources (lapointe et al. 2005b) .
in response to continuing uncertainty regarding the interpretation of variation in the δ 15 N of marine organisms in the fK and other areas, a study was initiated to examine the isotopic influence of nitrogen cycling within this coral reef ecosystem. here we report on the δ 15 N and δ 13 C of macroalgae, sponges, mangroves, seagrasses, the δ 15 N and the δ 18 o of No 3 − , and the δ 15 N of dissolved organic nitrogen (combined with Nh 4 + ) from the fK reef tract over a 2.5-yr period (2003) (2004) (2005) . in addition, we examined samples of fishes that had been collected on six occasions between 2000 and 2005. These data are combined with previously published δ 15 N values for corals (swart et al. 2005) , pom (lamb and swart 2008) , and dissolved inorganic nitrogen (diN, leichter et al. 2007 ) from the same area. fig. 1 ). The two transects delineated in the study area include three stations per transect with a mangrove island site, an inshore reef site, and an offshore reef site. The mangrove sites were adjacent to the mangrove fringe of Key largo and adjacent to rodriguez Key. Water depth was < 1 m and the bottom sediment was principally composed of carbonate mud, seagrasses, and fragments of the coral Porites furcata lamarck, 1816. as a result of the paucity of suitable fishes at the mangrove sites, they were not collected here. The inner reef sites (triangles and White banks) are small patch reefs surrounded by sandy to muddy areas containing seagrasses. The outer reef sites are situated on or near the shelf break and are exposed to higher energy than the other sites. fish samples were taken may, June, and september 2000, June and July 2003 , february 2004 , and June and July 2005 . additional samples of fishes were collected from algal reef and little grecian. These sites are situated slightly landward of the shelf margin and are classified as being intermediary between the inner and outer reef sites. The location and water depths of the sites are given in table 1 and figure 1. in addition, some of the diN samples were collected from the interior canals of Key largo and from mangrove areas. Where possible, samples were identified to the genus and species level using a taxonomic key. We collected samples of the following taxa: (1) macroalgae (D. pinnatifida and Halimeda sp.), (2) mangove (R. mangle), (3) sponges, (4) seagrass (T. testudinum), and (5) (ellis and solander, 1786) were collected between 1995 and 1997 in the same general area (swart et al. 2005) . in addition, pom samples were collected on 13 cruises between 2000 and 2002 (lamb and swart 2008) . These data have been compared to the data produced in this paper.
analytical methods
Macroalgae, Sponges, and Seagrass Samples.-samples were collected by snorkelers and transported chilled to the laboratory. in the laboratory, they were rinsed in deionized water, and dried in a low temperature (40 °C) oven until a constant dry weight was achieved (usually 24-48 hrs) . only the seagrasses typically have epiphytes, but these were not extensive and Along each transect, four stations were sampled. These data are reported in Lamb and Swart (2008) .
no attempt was made to physically remove them. The dried materials were milled (Thomas scientific Wylie mill) and treated with ~25 ml of 10% hCl to remove carbonate. after rinsing and drying, the samples were prepared in triplicate for later δ 13 C and δ 15 N analysis (~1 mg for D. pinnatifida and Halimeda sp. samples; ~3 mg for sponges, mangrove, and seagrass samples). to test for possible isotopic effects resulting from the acidification, nine samples of plant material with known C and N isotopic compositions were processed in the same manner. Theses analyses revealed there to be no significant differences between the δ 15 N, δ 13 C, and C:N of the treated and untreated samples.
Fish Samples-fishes were collected by spear and handnet (paddack et al. 2009 ) and stored in a freezer until dissection. The approximate amount of muscle tissue removed varied based on the size of the fish and ranged up to 5 g (wet weight, up to 3 g dry weight). in addition, ~3-10 individual scales were plucked from a subset of S. viride and A. bahianus for separate isotopic analysis of δ 15 N and δ 13 C. The scales were removed from the dorso-lateral side of the fish, typically where the incision was made for muscle tissue removal. samples were dried and powdered. scales were cut into lengths of appropriate weights (~ 3 mg). of the sample set, 29 juvenile fishes were too small for dissection. These were dried whole and completely pulverized. samples were prepared in triplicate.
Water Samples.-Water samples were collected at the sea surface using pre-cleaned widemouthed bottles and stored frozen until analysis. at the time of sample processing, samples were first thawed then vacuum filtered through a pre-combusted 47-mm Whatman gf/C (1.2-µm pore size) glass fiber filter. samples were colorimetrically measured for No 2 − and Nh 4 + concentration according to strickland and parsons (1972) . − to gaseous nitrous oxide (N 2 o) through reaction with sodium azide (NaN 3 ). The principal difference in the analytical technique employed was that commercially available powdered Cd was used following activation by dilute hCl rather than making spongy Cd in-house. dissolved organic nitrogen (doN) was analyzed in a similar manner, but was first oxidized to No 3 − using basic persulfate digestion (Nydahl 1978) .
it is possible that freezing samples prior to filtration can lyse cells and introduce intracellular materials into the water samples. Therefore, we tested the procedure by analyzing four seawater samples with a range of No 3 − and Nh 4 + concentrations to assess possible artifacts from the freezing procedure. These analyses showed no significant differences in either the concentrations of No 3 − and doN or the δ 15 N and δ 18 o isotopic composition between the frozen samples and those preserved by filtering and acidification. Mass Spectrometry.-The δ 15 N and δ 13 C of the samples were determined using a continuous-flow isotope-ratio mass spectrometer (Cfirms, europa scientific) at the University of miami. data were reported relative to atmospheric N 2 and V-pdb (Vienna pee dee belemnite) for nitrogen and carbon, respectively. isotopic data produced from each run were scrutinized for standard precision and overall drift throughout individual runs. all data were corrected for such variations by comparing the run-generated δ 15 N and δ 13 C values of the standards to in-house standards. typical precisions of in-house organic standards are ± 0.11‰ for N and ± 0.07‰ for C. reported molar C:N ratios for the samples were calculated from the standard weight and corresponding beam intensities of standards and samples. as samples were run in triplicate, the mean of the three samples was treated as the mean value for the sample processed.
The δ 15 N and δ 18 o composition of N 2 o generated from dissolved No 3 − and doN were determined on a gV isoprime isotope ratio mass spectrometer (irms) with an external automated purge-and-trap system at the University of massachusetts, dartmouth, smast campus. data are reported relative to atmospheric N 2 and VsmoW (Vienna standard mean ocean Water) for nitrogen and oxygen, respectively. analytical precision measured from multiple determinations on standards was approximately ± 0.2‰ for δ 15 N and ± 0.7‰ for δ 18 o. isotopic data produced from each run were scrutinized for standard precision throughout individual runs. data were calibrated against standards (Usgs 34, 35, and one laboratory standard) as described in mcilvin and altabet (2005 Statistical Analysis.-all comparisons of the differences in δ 15 N, δ 13 C, and C:N among locations was performed using a mann-Whitney U test. all reported statistical significances in the present study are at the 95% confidence interval unless specified otherwise. Where applicable, correlation between variables was determined using a spearman's rank correlation coefficient. results algae, mangroves, and seagrasses
Genus and Species Variations.-The mean δ 15 N and δ 13 C values and C:N ratio of all the samples (D. pinnatifida, Halimeda sp., R. mangle, T. testudinum, and turf algae) are shown in tables 2 and 3, and figure 2. raw data can be accessed online (table  s1 ). The δ 15 N and δ 13 C values, regardless of location, were tested for significant differences and with few exceptions, most of the samples differed significantly in both δ 15 N and δ 13 C (table 4) . There were fewer significant differences in mean C:N values among genera (table 2) .
Temporal Variations.-first-order patterns of δ 15 N, δ 13 C, and C:N ratios through time were also investigated (table 5). samples were grouped according to collection season; in this case, wet season (June-November) or dry season (december-may). This grouping revealed no significant differences based on season for any of the parameters. over the course of the 2.5-yr study, a slight increasing trend in the δ 15 N and δ 13 C values was perceptible ( fig. 3 ) in some of the groups. The trend in δ 15 N was only significant in the case of D. pinnatifida and the sponges (spearman's rank: p < 0.05). sponges and mangroves showed a significant increase in δ 13 C over time (spearman's rank: p < 0.05).
Spatial Variations.-groups of organisms found at the majority of the sites (not including mangroves) were tested to ascertain whether there were any spatial patterns in δ 15 N and δ 13 C. The significance of these comparisons is shown in tables 6-9. The overall pattern is that there were generally no differences between various sites for δ 15 N. for example, of the 61 possible comparisons, only eight (13%) were significantly different. in all cases in which there were significant differences, the inner sites possessed more negative δ 15 N values than the more seaward sites. in contrast, the δ 13 C values differed in 55% of the comparisons (tables 6-9). once again, these differences were almost always manifest when comparing the inner to other sites, with the inner sites being more depleted than the outer sites. sponges sponges had δ 15 N values that were significantly more positive (+4.2‰ ± 1.8) than all of the groups with the exception of the turf algae and fishes. sponge δ 13 C values (−17.2‰ ± 1.6) were statistically similar to the turf algae, Halimeda sp., and D. pinnatifida, but more positive than the mangroves and seagrass (tables 2, 10, fig. 2 ). The sponge C:N ratio (5.6 ± 5.72) was significantly different from all of the primary producers (mann-Whitney U test for all comparisons: p < 0.05). generally, no significant spatial differences were evident in either the δ 13 C or δ 15 N among the sites (table 10). The exception was the δ 13 C at the pennekamp site, which was significantly more negative than at any of the other sites; and the δ 15 N at rodriguez site, which was significantly more positive than at triangles, White banks, and pennekamp (table  10) . raw data can be accessed online (table s1) .
fishes
Species.-mean δ 15 N, δ 13 C, and C:N values of the fishes collected during the study are shown in table 11 and figure 2. There were significant inter-species differences in δ 13 C and δ 15 N in 70% of the comparisons (table 12) . Stegastes dorsopunicans had the most enriched mean δ 15 N signatures (+8.5‰ ± 0.2) and S. viride the most depleted mean δ 15 N (+4.9‰ ± 1.0; table 11, fig. 2 ). Sparisoma viride also had the most Table 2 . δ 13 C, δ 15 N, and C:N ratios of samples measured in this study together with data on corals and POM from a previous study. Data in brackets represent one standard deviation. nm = not measured. 10.5 (± 3.5) 5 White Bank T 2.5 (± 0.6) −16.1 (± 0.9) 12.1 (± 6.6) 4 Sand Island T 2.7 (± 1.0) −16.8 (± 1.3) 9.9 (± 1.7) 6 Pennekamp T 2.3 (± 0.9) −18.7 (± 1.0) 6.9 (± 5.9) 2 Rodriguez T nc nc nc nc Pickles enriched mean δ 13 C signatures (−13.4‰ ± 1.6), while K. sectatrix had the most depleted mean δ 13 C signatures (−15.9‰ ± 0.8). molar ratios of C:N were greatest for K. sectatrix (5.0 ± 0.1) and smallest for S. dorsopunicans (3.6 ± 0.7).
Tissue-Type Variations.-a subset of S. viride and A. bahianus muscle tissue and scales was examined, revealing that the δ 13 C values and C:N ratios of samples differed significantly between tissue types, while δ 15 N composition did not. for A. bahianus, the two tissue types differed significantly in δ 13 C, while in S. viride the two tissue types differed significantly in both δ 13 C and C:N values (p < 0.05). in addition, there was a clear correlation between tissue δ 15 N of scales and δ 15 N of muscle tissue for both species, with a best fit regression line slope of 0.86 (r 2 = 0.91), very close to the 1:1 line. The δ 13 C of the scale and muscle tissue were also strongly correlated (spearman's rank: p < 0.05).
Spatial Variations.-data from S. viride and A. bahianus were compared among sites to assess spatial differences. for both species, there was generally no significant differences in the δ 15 N values between any of the stations (tables 13, 14; the only exception being between pickles and algal reef for S. viride). The δ 13 C data exhibited a larger number of significant differences. in particular, little grecian and algal reef had significantly lighter δ 13 C values than the other stations (tables 13, 14). − concentrations were the lowest for all measured species and were 0.07 µm (± 0.08, n = 87) for the entire study (table 15, fig. 4 ). mean No 3 − concentrations were slightly higher at 0.60 µm (± 1.08, n = 96), while mean measured Nh 4 + concentrations were higher at 2.05 µm (± 2.15, n = 95). mean doN concentrations showed the highest measured nitrogen species in our study at 7.48 µm (± 4.53, n = 96). When assessed for seasonal variations, there were no significant differences between wet and dry season concentrations for any of the nitrogen species tested and no overarching seasonal patterns were observed through time ( fig. 4) . spatially, only No 3 − and Nh 4 + exhibited significant differences based on station position (p < 0.05), with higher concentrations in the canal and lower concentrations at non-canal sites. raw data can be accessed online (table s2) . 
Thalassia testudinum
Sponges Turf algae Jul-03 0.9 (± 0.7) 1.5 (± 1.6) 2.3 (± 0.4) 0.9 (± 0.0) 3.5 (± 1.6) Aug-03 1.3 (± 0.8) 1.7 (± 0.6) 2.8 (± 0.0) 4.5 (± 1.5) Nov-03 0.3 (± 0.0) 1.5 (± 0.9) 1.7 (± 0.3) 3.0 (± 0.0) 2.9 (± 0.1) Dec-03 1.2 (± 0.0) 3.5 (± 0.5) Jan-04 −0.1 (± 0.0)
3.4 (± 1.7) 2.2 (± 1.0) 1.2 (± 1.1) 1.7 (± 0.9) 3.9 (± 1.9) 2.4 (± 1.2) Jul-04 2.2 (± 1.3) 3.2 (± 0.9) 2.5 (± 1.6) 1.0 (± 0.0) 4.2 (± 0.6) 3.0 (± 0.0) Aug-04 0.9 (± 0.6) 2.4 (± 0.8) 1.6 (± 0.7) 2.1 (± 1.4) 3.7 (± 1.8) 2.8 (± 1.1) Oct-04 1.5 (± 2.5) 3.0 (± 0.0) 2.2 (± 0.7) 2.0 (± 0.7) 3.6 (± 1.7) Nov-04 −0.9 (± 0.0) 1.9 (± 0.6) 1.2 (± 1.2) 1.3 (± 0.6) 2.5 (± 2.5) Dec-04
1.4 (± 1.0) 4.0 (± 0.7) 1.8 (± 0.4) 1.8 (± 1.1) 4.9 (± 1.4) Jan-05
2.4 (± 1.3) 3.4 (± 2.0) 1.8 (± 1.5) 3.4 (± 1.0) 5.6 (± 0.9) Aug-05 1.5 (± 0.5) 2.4 (± 1.0) 0.8 (± 1.2) 2.5 (± 0.5) 4.6 (± 2.1) Sep-05 1.9 (± 0.0) 3.5 (± 0.2) 4.0 (± 0.5) Oct-05 1.7 (± 0.6) 3.9 (± 1.6) 2.2 (± 2.0) 2.8 (± 1.8) 4.3 (± 1.4) 2.4 (± 0.0) Dec-05 1.5 (± 0.1) 4.5 (± 1.0) 2.5 (± 1.0) 2.2 (± 1.2) 4.8 (± 0.9) Mean 1.3 (± 0.9) 2.4 (± 0.9) 1.7 (± 0.7) 1.8 (± 0. previously, it had been suggested that significantly more positive δ 15 N values were manifest during the wet season as a result of runoff contributing a greater amount of sewage derived nitrogen to the marine waters (lapointe et al. 2004) . however, in the present study, we found no significant differences in the concentrations of diN or doN between the wet and dry seasons, suggesting that water column nutrient availability is not subject to seasonal fluctuations. instead, it appears that the water column diN and doN are supplied from processes or sources that operate consistently throughout the year. samples collected along inshore to offshore transects do not show significant spatial trends in No 2 − , Nh 4 + , or doN concentrations, implying that source(s) for these nitrogen species are relatively spatially homogeneous throughout the study area. The canals are an exception in this respect with samples clearly showing elevated No 3 − concentrations. These findings are similar to a prior report for the fKNms, where concentrations of N species were elevated in canals, and dropped to oligotrophic levels within 1 km of the shoreline (szmant and forrester 1996). This reduction was attributed to rapid uptake of the nutrients by immediately-nearshore water column biota and benthos (szmant and forrester 1996). similarly, impacts from onshore activities in barbados, such as industry and tourism developments, were clearly seen in elevated − to non-canal sites can probably be eliminated from the list of possible influences on the waters of the fK, simply because the only source of synthetic fertilizers used in noticeable quantities would be in the everglades agricultural areas (eaa). These fertilizers are considered to have minimal influence on the fK, as ~90% of the fertilizer-sourced N leaving the eaa is removed via biotic uptake before leaving the everglades (rudnick et al. 1999, sutula et al. 2003) . The residual fertilizer-derived N that is still present in everglades discharge is utilized upon entry into florida bay and does not reach the fK nearshore communities (sutula et al. 2001 ). 15 N values were noted by Corbett et al. (1999) in the vicinity of taylor slough. as there were no obvious sewage sources in this area, these workers concluded that the δ 15 N was being enriched by the process of denitrification in the sediments. samples of seagrasses analyzed from the ocean side of Key largo were similar to our values. 13 C values differed significantly among all genera collected during the study period (with the exception of T. testudinum and D. pinnatifida). These differences arise principally from variations in each organism's specific Co 2 fixation pathways. The δ 13 C values of T. testudinum samples collected in the present study were similar in magnitude to those previously reported (fourqurean et al. 2005 ). The δ 13 C values of D. pinnatifida, turf algae, and Halimeda sp. measured in our study are within reported ranges of δ 13 C for macroalgae reported in the literature (δ 13 C = −13‰ to −17‰; Currin et al. 1995 , behringer and butler 2006 , Corbisier et al. 2006 . mangrove leaves had the lightest δ 13 C values and were similar to previously published values (−25.9‰ to −29.1‰, muzuka and shunula 2006). all mean C:N values were found to be greater than the published values for each specific genera (patriquin 1972), suggesting that the reef tract is subsisting within a N-limiting environment. Halimeda sp. and T. testudinum had mean C:N values above published genera specific thresholds for nitrogen limitation (7.5 and 13.9, respectively; patriquin 1972, atkinson and smith 1983) and are evidence for a nutrient limiting environment in the fKNms. mangrove leaves showed the highest and most variable C:N ratios, which is attributed to the varying decomposition states of the leaves collected (davis et al. 2006) . The mean C:N value for D. pinnatifida measured during the present study is above the published D. pinnatifida thresholds for N-limitation (C:N = 17.9, atkinson and smith 1983), although many D. pinnatifida collected in our study had C:N values that fell below the 17.9 threshold, which may initially imply excess nitrogen available for uptake. however, it may be that C:N values generated from the samples of D. pinnatifida collected in hawaii and Queensland by atkinson and smith (1983) are not applicable in the fK ecosystem, or for every Dictyota species. furthermore, the mean C:N values for all other genera reported in the present study are well above their respective thresholds; if nitrogen was in excess in the water column, a majority of the genera sampled would be expected to have similarly lower C:N values.
in four of the groups analyzed, there were no significant temporal trends in biotic tissue δ 15 N throughout the duration of the study period. for D. pinnatifida, the δ 15 N showed a small but significant increase. south florida's wet season brings substantial amounts of rainwater and, consequently, the highly permeable limestone bedrock experiences greater groundwater flushing, surface runoff, and thus possibly delivering a greater load of sewage-influenced nutrients during the rainy season (lapointe et al. 1990, 2004, shinn et al. 1994) . if land-based pollution were a major nutrient source to the benthic biota, then there should be enrichment in the δ 15 N of the sampled tissues during the wet season. however, combining the data into wet (June-November) and dry seasons (November-may) revealed no significant differences between the δ 13 C and δ 15 N in any of the biota analyzed between these time periods.
Spatial Variations.-The absence of distinct differences in the δ 15 N of tissues collected at the different sites is not consistent with the hypothesis that land-sourced anthropogenic wastes are the cause of the nitrogen variations. although there are some instances in which the δ 15 N values are different between the nearshore and offshore sites, in all instances, the inshore sites were more depleted in δ 15 N. it was expected that under a shore-based, sewage-loading hypothesis, the more enriched δ 15 N values would be closest to shore, and would become more depleted moving offshore. instead, mangrove sites had mean δ 15 N values that were lighter than both the inshore and offshore reef sites. moreover, the δ 15 N values for all sites were lighter compared to sewage-impacted biota tissues and did not show evidence that the reef tract is dominantly influenced by anthropogenic inputs originating from nearshore environments.
examining the isotopic data for spatial patterns in δ 13 C revealed that the inshore to offshore landscape trends for δ 13 C were significant, but again, the patterns do not appear to be a result of anthropogenic influences. instead, the δ 13 C spatial patterns were controlled primarily by the relative abundance of the various types of sample found at each site. specifically, pennekamp and rodriguez were the only two sites that had mangrove leaves available for collection. Consequently, the R. mangle samples skewed the average δ 13 C values for those two sites to be more depleted than the other four reef sites. likewise, T. testudinum was prevalent at White banks and triangles reef (inshore reefs), but not at sand island or pickles reef (offshore reefs); as such, the mean δ 13 C values at the inshore reef sites are skewed more positively than the offshore reef sites.
spatial patterns in reported C:N values are also a product of sample type, as mangrove leaf C:N skewed both pennekamp and rodriguez station C:N averages to be much higher than the other reef sites. in fact, when mangrove samples are not included in statistical comparisons of station mean C:N, all stations are statistically indistinguishable from each other. sponges sponges collected from fKNms had the most positive of all the measured tissue δ 15 N (+4.13‰) values, but were actually within the "normal" range of nitrogen isotopic composition for sponges (Weisz et al. 2007 ). Work on this and similar sponge species was described by Weisz et al. (2007) , who gathered specimens from the fK, North Carolina, and papua New guinea. They reported the δ 15 N values for sponge tissues to be between +0‰ and approximately +5.5‰, and demonstrated that the δ 15 N of their samples showed no correlation to the proximity of the shore and were well within expected ranges for sponge δ 15 N. instead, the sponge δ 15 N values were linked to species-specific symbiotic associations with microbial communities, the subsequent exchanges of nitrogen between bacteria and the host sponge, and a diet further augmented by local pom sources (Weisz et al. 2007 ). These factors also likely account for the values we observed for the fK. our observations for the δ 15 N of sponges are also similar to those made by Ward-paige et al. (2005a) in the fK.
since sponges are not photosynthetic, there are no direct linkages between Co 2 fixation pathways and tissue δ 13 C. however, because sponges are filter feeders, their tissue δ 13 C should approximate the δ 13 C of their diet, once a small enrichment of +0.5‰ to 1‰ is considered (deNiro and epstein 1981 , fry and sherr 1984 , Wada et al. 1991 , michener and schell 1994 . results from the present study indicate that sponges (mean δ 13 C = −17.19‰ ± 1.76) may be feeding on a mixture of seagrass-and macroalgae-derived carbon and pom, as was also reported by Weisz et al. (2007) for sponges in the fK. in fact, the δ 13 C and δ 15 N of the sponges directly overlap the values reported for pom from the florida Keys (lamb and swart 2008).
fishes
The δ 13 C of muscle tissue collected from all herbivorous fishes during the present study (−13.4‰ ± 1.5 to −15.9‰ ± 0.8) are well within the reported range of δ 13 C for fishes unaffected by anthropogenically-derived carbon (fry et al. 1982) . The δ 13 C compositions reported in our study are representative of the dietary carbon source for each genus. specifically, ocean surgeonfish, chubs, and the damselfish follow the reported approximately +1‰ enrichment in C over the turf and macroalgae that they consume, and the fishes have δ 13 C values that are, respectively, +0.8‰, +0.6‰, and +1.6‰ enriched over their selected food sources. all parrotfishes, however, had δ 13 C values that were significantly more enriched (> +2‰) than their algal food sources. This apparent discrepancy can be explained when one considers the mode of feeding for parrotfishes, in comparison to surgeonfishes, damselfishes, and chubs. as mentioned previously, parrotfishes, with their fused-teeth beaks, actually bite into and remove a portion of the underlying calcium carbonate substrate when feeding on algae. Consequently, a percentage of each bite ingested consists of the limestone matrix, which is approximated to have an isotopic composition of approximately −3‰ in the fK (martin et al. 1986) . since parrotfishes are able to dissolve calcium carbonate in their gut (smith and paulson 1974, 1975) , some assimilation of the carbon isotopic signature of the substrate into their tissues occurs.
The sampled muscle tissues from the parrotfishes, chubs, and ocean surgeonfish indicate that the primary control on the δ 15 N composition is diet (range from +4.9‰ ± 1.0 to +6.2‰ ± 1.2), and follow the reported approximately +3‰ enrichment in nitrogen from their food source. if sewage-derived nitrogen were a primary nutritive source in the marine environment, then appreciably enriched δ 15 N compositions (> +10‰; schlacher et al. 2005, hadwen and arthington 2007) would be discernable in both the food source and the muscle tissues of the herbivorous fishes that consumed the algae (burnett and schaeffer 1980, gaston et al. 2004) . instead, the muscle δ 15 N compositions we found are significantly depleted when compared to the reported δ 15 N values for marine herbivorous fishes exposed to anthropogenic wastes. instead, the δ 15 N signatures of the muscle tissues are indicative of the feeding preferences of the ocean surgeonfish, chubs, and parrotfishes. The components of turf and macroalgae can be clearly extrapolated from the δ 15 N values of the tissues, and show the appropriate trophic level enrichment in N compared to their food source.
based on the δ 15 N data, the damselfish from our study are almost a full trophic level above similar reef herbivores (damselfish = +8.5‰ ± 0.19 vs mean parrotfish = +5.3‰ ± 0.4). although many damselfishes are primarily herbivorous (gobler et al. 2006) , some are planktivorous and some are known to be opportunistic feeders, consuming polycheates, copepods (emery 1973), and detritus. The specific diet composition of this species at our study sites is unknown. however, a study of a different species of damselfish from taiwan found that up to 75% of the gut contents consisted of coral polyps, the remainder consisting of filamentous algae (ho et al. 2009 however, values of δ 13 C were significantly more depleted in A. bahianus from little grecian and in S. viride from little grecian and algal reef. The precise explanation for this difference is unclear, but may relate to local variations in the δ 13 C of the diC. reported C:N values of muscle tissues were lower at inshore reefs (3.55) when compared to offshore reef fish muscle tissues (4.09), implying a greater N availability at inshore reef sites relative to offshore reef sites. however, it is important to note that the C:N values are representative of nutrient presence and not nutrient origin. as such, when coupled with the δ 15 N values, the C:N values show that N is indeed present in greater amounts at inshore reef sites, but it is not being sourced from anthropogenic wastes. instead, it is more likely that the source of N to these environs is natural, such as N fixation or breakdown of organic N.
implications for the sources of Nitrogen in the florida reef tract There are a large number of internal and external sources which contribute N to the fK. internal sources include contributions from the decay of organic material and fecal material from higher trophic organisms. These sources involve the recycling of existing N and do not provide new diN to the system. external sources of nitrogen in the fK can be considered to be derived from (1) land based sources of pollution including sewage and runoff, (2) upwelling, (3) atmospheric deposition, (4) input from florida bay and gulf of mexico, (5) nitrogen fixation, and (6) diffusion from the sediments. The inputs are balanced by uptake of N by organisms and export to the open ocean and burial in the sediments.
land-based sources of pollution in the fK are mainly derived from sewage effluent leaking from septic systems, package plants, cesspits, and live-aboard boats. a smaller amount is contributed from stormwater runoff. a total of 487 mt yr −1 has been estimated to be delivered to the fK annually (Kruczynski and mcmanus 2002) from these sources (based on 1993 estimates from the environmental protection agency). Various workers have attempted to assess the influence of this contribution on the marine biota and nutrient concentrations (shinn et al. 1994, szmant and forrester 1996, lamb and swart 2008) . While there was some evidence that geochemical and fecal tracers make their way rapidly from the septic tanks to the adjacent marine waters (paul et al. 1995a,b, 1997) , the nutrient flux from these sources appears to be rapidly assimilated by nearshore organisms, leaving waters relatively low in the nutrient concentrations (szmant and forrester 1996, boyer and Jones 2002). our results are consistent with this conclusion in that there were no significant spatial patterns in the data, which would suggest enrichment in the δ 15 N of nearshore communities via anthropogenic input.
Upwelling has been reported to deliver nutrients to various sections of the fK reef tract, with water masses containing higher than ambient concentrations of nutrients (lee et al. 1994, leichter and miller 1999, leichter et al. 1996, 2003, 2007) . in fact, it was estimated that more N was supplied to the entire reef tract during one upwelling event than from the entire output of the sewage treatment plant in Key West since it started operation (szmant and forrester 1996). based on frequency of upwelling an annual flux of between 1740 and 6260 mt yr input from the gulf of mexico and florida bay appears to be equivalent to that derived from upwelling. Values of 5500 mt yr −1 were estimated as being contributed from the flow through the middle fK and about 500 mt yr −1 from the upper fK (Kruczynski and mcmanus 2002, gibson et al. 2008 ). The δ 15 N of this source is not constrained at the present time.
fixation of N 2 is performed year round by microbial communities, present not only in the upper portion of the carbonate sediments, but also found growing as epiphytes on seagrasses and other aquatic vegetation (diaz and Ward 1997) . moreover, it has been shown that microbial communities associated sponges are capable of fixing N 2 and converting it into No 3 − at rates two to four orders of magnitude greater than previously reported for microbial communities found in unconsolidated tropical carbonate sediments (diaz and Ward 1997) . although there are few data on N fixation from the fKNms, the magnitude of the potential effect can be estimated by extrapolation of rates measured on the gbr (larkum et al. 1988 ) to the fKNms. This provides an estimate of ~2500 mt yr −1 . The δ 15 N of this source is likely to be close to 0‰. These crude estimates of the mass balance of N being contributed to the fKNms confirm what is suggested by the N isotopic data presented here, namely that anthropogenic derived N (3.5%) is a relatively small percentage of the total N budget. Consequently, its δ 15 N signal can be detected and its influence seen in only canal and very near-shore environments.
explanation for the patterns in the δ 15 N data When our data are combined with the flux estimates and data from two previous studies, in which the δ 15 N of pom (lamb and swart 2008) and coral tissues (swart et al. 2005) were measured, a clearer picture of the factors controlling the δ 15 N of the florida reef tract emerges ( fig. 7) . The limits of the δ 13 C values can be defined by mangroves with a δ 13 C of −30‰ at one extreme, and seagrasses with values of approximately −8‰ to −10‰ at the other. The δ 13 C of the pom falls more or less between these two end members with values becoming more positive closer to the fK. This trend in δ 13 C was interpreted as being a result of a greater contribution to the pom of detrital material derived from seagrasses closer to the fK (lamb and swart 2008). The range of the δ 15 N is ~0‰ to +10‰ (with some data points more negative than 0‰). The more negative values probably primarily reflect N derived from organisms, which fix atmospheric N 2 , or use N derived from atmospheric sources. in contrast, the most positive δ 15 N values correspond to the values measured in fish tissue. While more positive values could arise from sewage sources, there are abundant other processes which can also produce more positive δ 15 N values. These processes include fractionation during assimilation and fecal contributions from naturally occurring higher trophic feeders. all other samples fall within the boundaries of these end members and therefore there is no need to invoke more exotic sources of N to explain the distributions observed in the different organisms investigated in the present study. subtle variation within the system occurs as diN species are fractionated by normal processes during the transformation from one species to another or during assimilation. in fact, the strong positive correlation between the δ 18 o and δ 15 N of the nitrate suggests that the patterns of these two isotopes are driven by fractionation during the assimilation of nitrate and therefore emphasizes the importance of this mechanism for producing isotopic variation in the system. acknowledgments We acknowledge support from the National Center for Coral reef research (NCore) and funded through the epa. additional support was provided by the stable isotope laboratories at the University of miami and University of massachusetts dartmouth. The following persons presently or previously at the University of miami are thanked for assistance: r Cowen, s sponaugle, m paddack, K grorud-Colvert, d pinkard, e d'alessandro, K denit, K huebert, J fell, a tallman, p ortner, t lee, l Williams, g mackenzie, a saied, C schroeder, g ellis, and C moses. Q devlin and a ohelert are thanked for help with the post facto experiments to prove that there were no artifacts in the preparation procedures. We also thank tX Wu and l Zhang from the University of massachusetts dartmouth. This paper was improved by discussions with a Knapp and the comments of three reviewers. 
